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SUMMARY
DesI6 Y ..

A simplified,limiting-blade-loading parameter for axial-flow-
compressor blade elements was derived from the applicetion of a separa-
tion criterion used in two-dimensional boundary-layer theory to a typi-
cal suction-surface velocity distribution of a compressor blade element
at design angle of attack. The derived limiting diffusion factor com-
Pprised a term involving the relative veloecity ratio across the blade and
a term proportional to the circulation sbout the element, both of which
can be evalueted readily from the design velocity disgram.

A correlation was made for the data for NACA 65-series compressor
blade sections in low-speed two-dimensionsl cascade between blade-
element loss at design angle of attack and several commonly used and
proposed blade-loading parameters. The derived diffusion factor con-
stituted a satisfactory limiting-loading criterion for these data.
Total-pressure loss coefficient at design angle of attack increased
slightly with diffusion factor up to a value of gbout 0.6, after which
e sharp rise in loss was observed.

Losgs coefficient and diffusion correlations were also made for a
lerge number of conventional experimental axial-Flow single-stage com-
pressor rotors and stators. For the hub- and mean-radlus regions of the
rotors and for the hub, mean, and tip regions of the stators, no consis-
tent varistion of loss coefficient with diffusion factor was observed in
the low-loss range up to values of diffusion factor of about 0.55 to
0.65, the extent of the availeble data. For the tip region of the rotors,
however, there was a very marked and practically linear variation of loss
coefficient with diffusion factor, with resulting blade-element efficien-
cies less than 0.90 for values of diffusion factor greater than sbout 0.45.
Further verification of the limiting relative inlet Mach number of about
0.70 to 0.75 for subcritical values of diffusion fector was indicated
for rotor and stator blades of NACA 65-series profile shapes with about
10 percent maximum thickness ratios.
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INTRODUCTION

One of the principal limitatlions end losses in the flow across _
axial-flow-compressor bladé rows is due to the separation of the fric-
tion boundary layers on the suction surfaces of the blades. In air-
foll theory, the measure of this limiting blade loading or diffusion
was patisfactorily established by the varistlon of the 1ift coefficient
of the section. (Lift—coefficient is defined as 1ift force per unit
blade area divided by inlet or vector-mean dynemic head.) The use of
1lift coefficient as a measure of loss varlation and limiting loading
was not, however, generally successful in compressor design application.
Furthermore, the use of 1lift coefficient for the general compressor case
of compressible flow with unequal axial velocitles at blade-element
inlet and outlet presents a difficulty in establishing a significant
vector-mean condition., Consequently, varilous other loadlng parameters
were tried in compressor design with varying degrees of success. These
parameters were 1ift coefficients based on inlet or outlet conditions,
s0l1dity multiplied by 1ift coefficient, ratio of change in tangentlsl

velocity to axial velocity, ratio of axial velocity to tip speed, and so

forth.

In reference 1, Wislicenus proposes an spproximate stalling coeffi-

cient for axial-flow blades derived from considerations of the stalling

suction-surface pressure distributlon of iscolated airfolls 1n incom-
pressible flow. The coefficient is developed in terms of vector-mean
velocity and indicates that the stalling pressure rise Is a function of
the sum of the conventional 1ift coefficient and the over-all change in
free~-gtream velocity across the blade row. Howell, in reference 2,
develops an approximate loading perameter for compressor blade elements
from the application of a separation criterion used in boundary-layer
theory. This parameter involves the product of the mean-velocity 1ift
coefficient and a functlon of the over-all velocity ratio. No extensive
experimental investigatlions of these varilous loading parameters have as
yet appeared. :

A similar approach to the development of an improved separation
criterion for axial-flow blade elements was made at the NACA Lewis lab-
oratory in order to develop a simplified blade-loading parameter based
on boundary-layer theory and independent of lift-coefficient terms,

A simplified parameter, called the diffusion factor for design angle of
attack, was obtained by deriving an approximate relstlon between a
separation criterion used in two-dimensional incompressible turbulent
boundary-layer theory (as in ref. 2) and the external velocity diagram
end solidity of—the blade element. The epproxlimation was facilitated by
the use of a model blade-surface veloclty distribution and of the local
pressure characteristics of bladed in two-dimensional cascade at design

angle of sttack.
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An experimentel correlation between total-pressure loss coefficient
at design angle of attack and a lerge number of proposed separation param-
eters 1s presented for the two-dimenslional cascade data of reference 3.
In addition, a further correlation between the loss coefficlent and the
derived diffusion factor is presented for the hub-, tip-, and mean-radius
regions of rotors and stators of a large number of experimental single-
stage axial-flow compressors.

SYMBOLS

The following symbols are used in this report:

a ratio of distance from leading edge to point of maximum suction-
surface veloclty to chord length

b constant in diffusion-factor equation

CD drag coefficient

Cy, 1lift coefficient )

CB stalling coefficient of reference 1L

c chord length

D diffusion factor

d constant in diffusion-factor eguation

F force

Fp drag force

H - boundary-layer form factor (ratio of displacement thickness to
momentum thickness)

i angle of incidence, angle between inlet-air direction and blade
mean-line direction at leading edge

L 1ift force

M Mach nunmber

n constant in separation-criterion equation

P total pressure
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static pressure

constant

reaction or recovery ratio
momentum-thickness Reynolds number
radius

blade spacing

total temperature

static temperature

relocity

circumferentially averasged velocity
average velocity between V., and Vo
maximum velocity on suction surface
distance along flow psth

angle of attack, angle between inlet-air dlrection and blade
chord

air sngle

velocity-gradient parameter of reference 2
ratlio of specific heats

adlaebatlic temperature-rise effilcilency
boundary-layer momentum thickness

static density

solidity

shear stress

relative total-pressure loss coefficient, Pp 4 - Pp/Py - Py
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Subscripts:

a axial

i ideal

m vector mean
rotor

ref reference

S stator

e tangential

1 inlet

2 outlet

The prime refers to relative conditlioms for rotating elements.

ANALYSIS
Approach

Exclusive of three-dimensional effects in the end regions of blade
rows, the development of friction boundary leyers along the surfaces of
compressor blade elements is determined primarily by the surface pressure
distributions and therefore by the basic geometry of the element (profile
shape, camber, thickness, solidity, and angle of incidence). Therefore,
a first approach to the problem of boundary-layer growth and separation
can be made by considering the two-dimensional flow about blade elements.
Although several techniques are avalligble for computing boundary-layer
growth in two-dimensionel cascades (refs. 4 to 6), they depend on & prior
knowledge of the pressure orxr velocity distribution sbout the blade sec-
tion. However, accurate practical methods of computing compressible
pressure distributions sbout arbitrary campressor cascade sections are
not as yet available.

In view of the general complexity and incompleteness of current
boundary-layer and pressure-dilstribution theory, the accurate calcula-
tion of the boundary-layer development and total-pressure loss of a
given blade element was not believed to be currently feasible. It was
decided, therefore, as a first approach, to investigate the possibility
of deriving a simplified and approximate blade-loading or separation
criterion. The approximate separation criterlon might then, in conjunc-
tion with an extensive experimental correlation, provide a simple and
useful means of determining regions of safe or unsafe limiting design
conditions for the actual compressor.
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For conventional compressors, in general, dlfferences in blade
shape, boundary-layer Reynolds number, turbulence level, transition from
leminar to turbulent flow, and Mach number are not very great; so that,
comparatively, the most significant factors influencing the pressure
distribution and the loss of a blade element are the angle of incldence
and the clrculation sbout the element. Furthermore, if attentlion is
restricted to the design point (design angle of incidence), it would be
expected that the basic veloclty vector diagram of the element at design
would be the largest factor affecting the loss. The prcblem is then
reduced to deriving a satisfactory, simplified, and approximate relation
between the limiting diffusion gradient on the blade suction surface and
the over-all veloclity change across the blade row as determined by the

design velocity diagram.

Diffusion Factor

A parameter frequently used in. establishing a separation criterion
in incompressible, two-dimensional, turbulent boundary-layer theory
{refs. 2 and 7, for example) is given by

Da-V%R (1)

where €6 1s the boundary-layer momentum thickness, V 1is the free-
stream veloclity outside the boundary layer, x i1s distance along the
direction of flow, Re 18 the momentum-thickness Reynolds number, and n
is a constant (negative value). The significance of equation (1) can be
seen from inspection of the general momentum boundary-layer equation

aeé 6 av
oV

where T 1is the viscous shear stress at the surface, H 1is boundary-
layer form factor (ratio of displacement thickness to momentum thick-
ness), and p 1is free-stream density. For configurations with fairly
large adverse velocity gradients - as in the case for compressor blade
suction surfaces - rapid rates of boundary-layer growth are associated
primarily with the last term of equation (2) involving the velocity gra-
dient d.V/d.x. In fact, for incipient separation, the shear stress T
approaches zero, and the form factor H eapproaches an approximately
constant value of about 2.0 to 2.5 (re;f.‘s. 6 and 7). Equation (2)
therefore becomes

dé . 6 av
= = constant (- 7 EX-) (5)
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Equation (3) shows that the first factor on the right side of equa-
tion (1) is proportional to the gradient, or growth rate, of the momen-
tum thickness 6 at the polnt of inciplent separation.

In order to evaluate the importance of the second factor, Re®, in
equation (1), it is assumed that, for typical velocity distributions,
the local value of Re 18 related to the initial value of Re at the
start of deceleration. Inasmuch as the flow on the suctlion surface was
previously accelerating, the Initial value of Re defines the conditilion
of the initial boundary layer (ref. 6). Thus the Re® term in equa-
tlion (l) reflects the additional effect of the state of the initial
boundary layer. In general, the greater the magnitude of Re, the
smaller the allowable diffusion at separation (refs. 6 and 8).

For conventional compressors - and certainly for a given cascade
investigation - the range of variation of initial boundary-layer Reynolds
number , as influenced by such factors as blade size, inlet Mach number,
surface roughness, and turbulence level, is generally not large.

The effect of initial boundary-layer Reynolds number can thus be
represented by a constant average value. A simplified separation crite-
rion is therefore adopted as the diffusion factor:

6 av
= - = — 4
D = (4)

<

The variation of veloecity over the surfaces of a typlcal compressor blade
section set at its design angle of attack is shown in figure 1, and the
element velocity diagram is shown in figure 2. By design angle of attack
is meant the angle of attack at minimum loss. Diffusion of the suction-
surface veloecity must occur from the peak velocity nesr the leading edge

Voax bO the outlet veloclty Vg. (It is assumed that Vy at the blade

trailing edge 1s equal %o the mean V; considered by the velocity diagram
at the downstream measuring station of the blade row.) For most conven-
tional blade designs, the veloclty generally varies approximately lin-
early from V., to. V3. The diffusion gradient can then be approxi-

meted on the average byl'l

Vﬁax - VZ

dx = - fl-aicvav (5)

where V,, 1s some average surface veloclty between V., and V.
The use of equation (5) is expected to be valid for moderately non-
linear velocity varlations as well, since recent unpublished results of
boundery-layer analyses conducted at the NACA Langley laboratory indi-
cate that the over-all diffusion Vg, - Vo 1is the significant factor

affecting limiting loading.

<+
&
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From examination of wvelocity dilstributlons about typlcal compressor
blade sections, 1t was found that the average veloclty Vgy 1n the
denominator of equation (5) can be approximated by V,;, so that equa-
tion (5) can be given by

1 4v 1 V2 V.
'va'l—)—l-acl:('v;)“(?—;x‘l (6)

In general, the magnitude of the maximum suction-surface velocity can
be considered to be composed of severael components so that, as shown
in figure 1, '

Vpax = V + AV =V + AV + AV o (7
wvhere AV represents the veloclty increment due to chordwise varlations
of the circumferentially averaged velocity (function of ratio of blade
thlckness to blade spacing and of inlet Mach number), and AV represent:
the velocity increment gbove the value of V that arises from the blade

loading or circulation (function of profile shape and angle of attack).
In terms of inlet velocity, equation (7) can be expressed as

v —
max AV Fa\')
—_— - L= = (8)
Vl Vl Vl

In hypothesizing a functlonal relation between maximum veloclty
ratlio and circulation as indicated in equation (8), use was made of the
characteristics of blade sections in low-speed, two-dimensional cascade.
The similarity of surface pressure dlstributions for a glven blade sec-
tion in cascade and 1n the compressor configuration in the reglon of
deslgn angle of attack ls demonstrated in reference 9. From examinetion
of the pressure dlstributions about the NACA 65-series blade sections in
cascade (ref. 3), it was deduced that a fumctional relation can be
established between the veloclty ratlo and a circulation parameter
ANe/on (proportional to 1ift coefficilent) in the form

V. AV
maex e
—VI— -1l=05 EVE + d (9)

where 4 represents the surface-velocity rise due to the effect oft-
finite blade thickness indicated in equation (8). In general, both b
and d mey vary with blade shape, angle of incildence, and inlet Mach
number. If it is then assumed that equation (9) is valid for conven-
tional compressor blades, the diffusion parameter D can be expressed as

6 V2 &V
DB-(-]:E:)—E l—v]-: +bﬁ-]_:+d' (10)
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If it can further be assumed, for slmpliclty, that the average ratio of
boundery-layer momentum thickness to chord length, e/c, and the location
ratlo, a, vary very little for conventional types of blading, then, on
the average

l-g < = éonstant

and the diffusion parameter can then be reduced to the form

vz) AV .
D= -e— ]+ —+4a (11)
‘A ovy

Average values of b and 4 obtained from examination of the data
of reference 3 at design angle of attack were about 0.4 to 0.5 and about
0.1, respectively. The design angle of attack for the cascade date was
teken as the value of incidence at the midpoint of the low-loss range.
In checking the trend of the effect of compressibility on the value of
b and 4 obtained from the low-speed data, it was found that, 1f the
local pressure coefficient and the circulation parameter both varied in
the same manner with Mach number (say, the Prandtl-Glauert relation),
the Incresses in mesgnitude of b and d at the design angle of attack
up to Mach numbers of about 0.75 would be small. Values of b and &
were consequently tsken as 0.5 and 0.1, respectively, to glve

: Vo\ AV
D= {1-22)+__2 +o0.1 (12)
2oV,

Since there are generally small differences in thickness and thickness
distribution for commonly used blades, the last term in equation (12)
will not vary much, and the design diffusion factor D for & compressor
blade element is finally esteblished as

Va\ AVg
D= -v—l- +W (15)

where &all velocilities are taken relative to the blade.

The suction-surface diffusion is thus seen to he a function of two
principal factors: +the over-all change in relative velocity across the
element, and a term proportional to the conventional 1ift coefficient of
the section based on inlet velocity
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2AVg cos By
Cp,1= oV, cos By

For two-dimensional flow with equal axlal velocltlies at 1inlet and
outlet, the diffusion factor of equation {13) becomes (see fig. 2)

cos By cos By
D= (1 - Sos By T Tzo - (ten By - tan Bp) (14)
-
The general simlliarity between the derived design diffusion factor
of equation (13) and the stalling coefficient of reference 1 is illus-
trated by the expansion of equation (A8) in appendix A with

1
Vp 25 (Vi + V) to give |
A 2LV
2 2 2 6
Csn———v—é—-[a (l -‘T]_-)-I-Wl—.] (15)
1+ =
Vi

where q 1is a constant varying between 1 and 2. The velocity gradient
parsmeter I' of reference 2, in contrast; involves a product of +the
1ift coefficient—and the over-all velocity-ratio terms (eq. (A9), appen-
dix A).

RESULTS AND DISCUSSION
Two-Dimensionel Ceascade

The general validity of the varlous blade-loading parameters and
separation criteria commonly used in axisl-flow-compressor design was
first investigated for the extensive low-speed cascade dats for the NACA
65-serles compressor blade sections as given in reference 3. The anal-
ysis was made by examining the variation of blade-element total-pressure
loss with verious loading parameters at design angle of attack. The
total-pressure loss was expressed In terms of a loss coefficient w, as
defined in appendix B. For the cascade data, the total-pressure loss
coefficient was computed from the drag coefficients (based on inlet con-
ditions) glven in reference 3 according to equation (Bl17) in appendix B.
Design angle of attack for the loss evaluatlon wes taken as the midpoint
of the minimum drag range. Loadlng parameters considered were: (1)
theoretical 1ift coefficlent based on vector-mean velocity, (2) solidity
multiplied by theoretical 1ift coefficient based on vector-mean velocity,
(3) theoretical 1ift coefficient based on inlet velocity, (4) theoreti-
cal 1ift coefficlent based on outlet velocity, (5) over-all reaction or

recovery ratio, (6) relative velocity ratio, (7) velocity-gredient

2862
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parameter of reference 2, (8) stalling coefficlent of reference 1, and
(9) diffusion factor given by equation (14). The various theoretical
lift-coefficient equations and loading parameters are given in appen-
dix A. The resulting comparison of total-pressure loss coefficlent
against loading paremeter is shown in figure 3. BEach curve in figure 3
represents the variation of loss coefflcient for the range of cambers
used at each fixed condition of solidity end inlet-air angle.

From figure 3 it is seen, ss expected, that the loss tends to
increase graduslly with increasing blade loading, and that, particulerly
at inlet angles of 60° and 70°, a sharp rise in loss indicative of
separation occurs beyond & certain value Of the blade loading. For the
various blade-loading paremeters plotted in figure 3, it is seen that
only the outlet 1ift coefficient (fig. 3(d}), Howell's gradient parem-
eter (fig. 3(g)), Wislicenus' stalling perameter (fig. 3(h)), and the
diffusion factor D (fig. 3(1)) can be considered as acceptable limit-
ing criteria.

For Howell's parameter (fig. 3(g)), a limiting value of sbout 4.5
to 5.0 is indicated; and for the stalling coefficient of Wislicenus
(fig. 3(h)), the limiting value is about 2.0 for q = 1.0. TFor the
diffusion factor (fig. 3(i)}), the point of loss rise occurs at a value
of D of sbout 0.6. It is interesting to note that one of the more
common limiting-loading parsmeters of oCr,m = 1.0 to 1.2 (ref. 10, e.g.)
corresponds to the point of loss rise for an inlet angle of about 60° and
solidity from 0.5 to 1.0 (fig. 3(b))}, conditions which are closely
deseriptive of rotor-tip veloclty dlegrams. This same limit, however,
(as was indicated in ref. 3} would not be valid for other conditions of
solidity and inlet angle for these data.

With the establishment of the diffusion factor as a satisfactory
loading limitation for design blade-element loss, it is interesting to
examine briefly some of the other coexisting factors, such as solidity,
inlet Mach nunmber, and Reynolds number, which influence the magnitude of
the loss. A cross plot of the data of figure 3(1i) for subcritical
(below limiting value) diffusion factors indicates that the loss coef-
ficient vearies primarily with solidity and to a smaller extent with inlet
angle. The loss variation with solidity for D = 0.5 1is i1llustrated in
figure 4(a). For the usual range of inlet asngles from 40° to 60° it can
be taken roughly that the loss coefficlent will very directly with the
solidity (as a reflection of the increased friction surface), as long as
the critical diffusion rate is not exceeded.

A second significant factor in blade-element performance is the
general compressibility effeect and the formation of surface shocks and
boundary-leyer separation. An illustrative variation of total-pressure
loss coefficlent with inlet Mach number for a 65-series blade element is
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shown in figure 4(b). The curve was obtained from the data of refer-
ence 11 and recomputed in texrms of the loss coefficient used in this
report. The value of inlet Mach number at which the losses tend to rise
sharply is called the limiting inlet Mach number. In general, the lim-
iting Mach number will very with diffusion factor, inlet angle, and
solidity.

The effect of blade-chord Reynolds nunmber on loss coefficient-is
shown in figure 4(c) for the data of reference 3. In general, the loss
is seen to lncrease with decreasing Reynolds number, but no sharp rise
In logs is observed for the lowest values of Reynolds number obtained in
the tests. .

Thus for the cascade blade, as long as the limiting diffusion factor
and limiting inlet Mach number are not exceeded, design blade-element
total-pressure loss coefficlent will not be excessive for the usual
range of—solidity, Reynolds nunber, and blade shape. The exact selec-
tlon of the magnitudes of these factors of diffusion, solidity, and
Reynolds and Mach numbers, of course, will depend on the particular
design application and such considerations as range of operation, off-
design characteristics, size, and three-dimensional effects.

Compressoxr Rotor

In view of the success of the diffusion factor in establishing a
consistent loading limitation for the 65-series cascade blade, a further
enalysis was made to ascertain the general validity of the diffusion
limit for blades in the actual campressor conflguration. A correlation
was obtalned between measured relative total-pressure loss coefficlent
and calculated diffusion factor across blade elements in the hub, tip,
and mean regions of a large number of experimental axial-flow single
stages over & range of tilp speeds. A transonic rotor, as well as con-
ventional subsonic designs, was included in the comparison. Detalls of
the various rotor designs and blede shapes from which the data were
obtained are given in teble I.

The diffusion factor was compubed according to equation (13) from
the measured veloclties at blade 1lnlet and outlet obtained Prom radial
surveys. The total-pressure loss coefficlent relative to the rotor blade
element was computed from the measurements of absolute total-pressure
ratio and total-temperature ratio and the relative inlet Mach number
according to the development in appendix B (eq. {B9)). For the blade
rows with varying b radius, the inlet and outlet flow conditions were
taken along approximated streamlines, and the solidity term in equa-
tion (13) was taken as an average value. The effect of the ideal rel-
ative total-pressure ratio (eq. (B4)) on the computed loss coefficient
(eq. (B3)) was negligible for the renge of wheel speed and change in

29R2
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radius of the streamline flow of the stages investigated. Data for the
blade-end regions were taken at points from 10 to 12 percent of the
passage height from the outer wall for the tip region, and from 10 to

16 percent of the passage height from the inner wall for the hub region,
depending on the particuler survey program of each compressor. In all
casesg these tip and hub locations were outside the wall boundary
regions. In order to obtaln data representing the design angle of
atbtack, plots of blade-element relative loss coefficient (and efficiency)
against diffusion factor were made for each tip speed run as illustrated
in figure 5, and the polnt of minimum loss was determined from the
faired curves.

Hub- and mean-radius regions. - The variation of minimum relative
total-pressure loss coefficient with diffusion factor at the mean- and
hub-radius regions of ten single-stage rotor configurations is presented
in figure 6 for sub-limiting relative inlet Mach numbers. In the figure
are also shown (dotted lines) the expected verlation of loss coefficient
based on cascade characteristics for average conditions of solidity and
inlet angle (o = 1.2, B] = 50° for mean; and o = 1.5, B = 40° for

hub) at inlet Mach nunbers of 0.1 and 0.75. The values of loss at the
low Mach number were obtalned from the data of reference 3, and the
values of lose at the high Mach number were cbtained from the use of
ratios of compressible loss to incompressible loss as determined from
figure 4(b). For the hub- and mean-radius regions, no marked variation
of loss coefficient with diffusion fesctor is found, with a large accu-
mulation of points between a loss of zero and about 0.1 up to a diffu-~
slon factor of about 0.86.

It is seen thaet quite & few points are obitained both below and
gbove the anticipated loss levels for blade-element flow as deduced from
the cascade deata. Aside from possible differences in solidity, blade
shape, and Reynolds number, the dats polnts above the upper cascade limit
can be attributed to three-dimensional and unsteady-flow effects in the
rotating blade row or to experimental error. In view of the many points
at zero or close to zero loss, & good deal of the scatter is suspected
to be the result of experimental error. Small inaccuracies in measure-
ments and in determining the correct streamline locations at inlet and
outlet can result in significant errors in the loss determination. For
example, an error of 1° F in outlet temperature at a pressure ratio of
1.20 will result in computed loss values of from 0.011 to 0.050 for a
true efficiency of 0.95 and from 0.042 to 0.082 for a true efficiency of
0.90. At an efficiency of 0.90 and e pressure ratio of 1.4, the spread
of the loss error is somewhat smaller (0.033).

In view of these considerations, the rotor data of figure 6 for hub

and mean regions are interpreted as an adequate confirmation of the loss
trend with diffusion factor as established from the cascade date up to
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values of at least gbout 0.55. Unfortunately, values of diffusion fac-
tor greater than sbout 0.55 were not obtalned in the tests, so that a
comparison of limiting values of diffusion factor could not be made. It
appears, however, that no difflculty with limiting loading or separation
should be experienced in the hub- and mean-radius reglons of the rotor
for design diffusion factors up to about at least 0.55, provided the
limiting relative inlet Mach number for the particular blade profile is
not exceeded.

Further confirmation of an inlet Mach number limitation in the com-
pressor configuration was observed for the NACA 65-series rotor blades
of gbout 10 percent meximum thickness at the mean radius, as shown by
the loss-coefficient plots of figure 7. The dashed line indicates the
expected loss variation as cobtained from cascade tests (ref. 11). A
merked rise in- loss is observed for relative inlet Mach numbers greater
than gbout 0.7 to 0.75. The diffusion factors of the data points at the
high Mach number values were less than 0.6. (These high Mach number
points were not included in the plot of fig. 6(a).) A similar compress-
ibility effect for the hub reglon could not be definitely established
because of the generally lower levels of inlet Mach numbers in this
region. It cen reasonasbly be assumed, therefore, thet, for the conven-
tionel NACA 65-series blades of 10 percent thickness ratio, Mach nunber
difficulties will be avoided (for subecritical diffusion factors) at hub-
and mean-radius regions of the rotor if the relative inlet Mach number
does not exceed a value of about 0.7 to 0.75. For other types of blade
and thicknesg variations, of course, the limiting Mach number range will
be different. :

Tip region. - The variation of minimum (design) relative total-
pressure loss coeffilclent with diffusion factor in the tip region of the
rotor 1s shown 1n figure 8. As before, the dashed lines represent the
range of loss indicated by the cascade data (g = 0.9, B{ = 60°). 1In
marked contrast to the hub- and mean-radius correlations, the tip-region
plot shows a greater range of logs values end diffusion factor with a
very definite and essentially linear increase in loss coefficient with
diffusion factor. The trend of the loss variation below values of D
of 0.3 could not be estebllished because of insufficlent data. It is
expected that the loss coefficient will remain epproximately constant as
the diffuslon factor approaches zero. The corresponding variation of-
maximum blade-element temperature-rise efficlency with diffusion factor
is shown in figure 9. For a tip-region efficiency of 0.80, diffusion
factors no greater than approximately 0.45 are indicated.

- The early deterioration of the flow in the rotor tip region is
believed to be the result of tip losses and three-dimensional effects
such as clearance leaksge, cesing boundary-layer growth and-scrubbing,
secondary flows, and redial displacement of low-energy fluild out toward
the rotor tip. Exactly which factors or combination of factors con-
tributes most to the premature rise in loss is not presently known and

K .da
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should constitute an important aspect of future research. In view of
the fact that the flow in the tip region is not a "blade-element” or
profile flow, the strength of the tip-region correlation with diffusion
factor suggests that the local (or over-all) static-pressure gradients
that exist in the blade-end regions (imposed'by'the blade element) pley
an important role in the complex tip-loss phenomena.

It was also observed that a correlation between loss coefficient
and diffusion factor can be cobtained for all loss vaelues in the posi-
tive range of angle of incidence (increasing diffusion factor) from the
reglon of minimum loss coefficient to values corresponding to a decrease
in efficiency of ebout 0.10 to 0.15 (see fig. 5(a)). The resulting plot
is shown in figure 10. The correlation of figure 10 results from the
fact that the average slope of the variation of loss against diffusion
factor in the positive incidence range (see fig. 5) is roughly equal to
the slope of the original plot of minimum loss coefficient (design
incildence angle) against diffusion factor shown in figure 8. The data
of figure 10 may find use in estimating tip-region losses at positive
incidence (low weight flow) off-design conditions.

In figure 8, for the rotors with 65-series blade shapes, only the
two highest loss polnts of rotor 1 were at relative inlet Mach numbers
substantlally greater than the limiting values indicated in figure 7.
The effect of inlet Mach nunmbers gbove the limiting values is markedly
shown in the efficiency plot of figure 9 and in the loss plot of fig-
ure 8. Theoretically, the general plots of loss coefficient against
diffusion factor as derived herein would be expected to be a family of
curves with relative inlet Mach number as parameter. Within the limits
of experimehtal accurecy, & correlstion of experimental loss data in
terms of diffuslion factor mey provide a means for sepsrating the indil-
vidusl loss contributions erising from blade loading (conventional
surface-velocity gradients) and shock effects (boundary-layer inter-
action and wave formation) .

The scatter of the data in figures 8 and 9 is attributed primarily
to differences in tip losses, in the locations of the tip-region survey
stations (efficiency gradients are large in this region), and to exper-
imental inaccuracies. For example, for a pressure ratic of 1.2 at a
true efficlency of 0.85, an error in outlet temperature of +1° F results
in total-pressure loss values of 0.079 to 0.138. As an alternate method
which circumvents the direct use of temperasture-rise efficlency, the
relative total-pressure loss can be determined from the computed rela-
tive total-pressure ratio as indiceted by equations (B2) and (B6).
However, experimentsl inaccuracies are likely to be encountered 1n this
procedure, also.

It was impossible to evaluate the relative significance of the two
contributing terms (the veloeity ratio and the circulation parameter)
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in the diffuslion factor, as there was no consistent variation between.
the terms or dominance of one term over the other. At least for the
cascade (as indicated by figs. 3(£) and (1)), both terms appear to be
about equally significant. The value of 0.5 taken for the constant D

in the circulation term of equation (11) appears to be quite satisfactory
in view of the resulting correlation.

Compressor Stator

Loss and diffusion characteristics at deslgn angle of attack for
compressor stator blades were also investlgated by examlning the data
from six inlet-stage stator rows, four with NACA 65-seriles profiles and
two with double circular-src profiles. Details of the blade designs are
given in table II. Stator total-pressure loss coefflcient was deter-
mined from area averages of the clrcumferential variation of total pres-
sure across a blade spacing as obtained from total-pressure rakes located
a short distance downstream of the stator tralling edge. The loss pre-
sented 1s the total-pressure defect due to the blade wake and does not
include any possible drop in free-stream total pressure across the stator
row. This total-pressure drop was difficult to establish with any degree
of acceptable accuracy. Data for the tilp region were obtained from loca-
tions at 9 to 15 percent of the passage height from the outer wall and at
13 to 16 percent away from the inner wall for the: hub. Velocities were
obtained from inlet and outlet surveys of pressure and angle. In most
cases, only & single midspacing survey was made behind the stators.

Plots of total-pressure lose coefflcient and diffusion factor asgalnst
angle of attack (or incidence) were made as illustrated in figure 11, and
values of o and D were taken at the point of minimum loss (design
angle-of attack). .

The variation of minimum loss coefficient with diffusion factor for
compressor stators over a range of inlet Mach numbers (rotor tip speeds)
1s shown in figure 12 for hub, mean, and tip regions. Minimum loss
values were not attalned in the hub and mean regions at some tip speeds
for stator 4, because the data were Insufficlent to define the loss var-
iatlon over a wide enough range of incidence angle. All points shown
are at values of inlet Mach number below the limiting value. The dashed
lines, as before, represent the estimated limits hased on cascade per-
formence. (There is very little difference between the minimum blade-
element loss for 65-series and circular-arc blade profiles.) In all
three regions, no trend of varlation of loss coefficlent with diffusion
factor 1s observed, with all points falling between 0.0L and 0.05 up to
the-hilghest diffusion factors obtained (about 0.8).

A cross plot of minimum loss coefficient against inlet Mach number
for all three positlons 1s shown in figure 13 for the stators with NACA
65-series profiles of 10 percent maximum thickness ratio. As in the case

2862
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of the rotor mean-radius region (fig. 7), 2 rise in loss for inlet Mack
numbers greater than gbout 0.70 1s indicated. The high Mach number
points in figure 13 were at values of diffusion factor less than 0.65.
On ‘the basis of the limited information avallsble, it is expected that
very low stator losses will occur at design angle of attack, if the
design diffusion factors do not exceed about 0.6 and i1f the limiting
inlet Mach number for the particular blade profile is not exceeded
(about 0.70 to 0.75 for the 65-series blade of sbout 10 percent maximum
thickness ratio).

Inasmuch as the date for the preceding analyses have been obtalned
from a two-dimensionsl cascade and compressor single stages, the derived
limiting values and variations will be most valid in the design of the
inlet or early stages of a multistage compressor. It is not known to
what extent these values can be gpplied to the later stages where hub-tip
ratios are large and where three-dimensicnal effects become more pro-
nounced. It is also to be noted that the correlations were based on
actual measured values rather than on original design values of inlet and
outlet velocity. However, if the general design control and methods of
flow prediction are good, the derived limiting values can be directly
applied as design limits. In this respect, the 1lnlet stages again sare
in a favorable position, inssmuch as deslign control is usually best for
the early stages.

SUMMARY OF RESULTS

A simplified limiting-blade-loading criterion called the diffusion
factor for axial-flow-compressor blade elements wes derived from the
application of a separation criterlion used in two-dimensional boundary-
layer theory to the blade suctlion-surface velocity dlstribution of a
compressor blade element at design angle of attack:

l. From a correlation between minimum blade-element total-pressure
loss coefficient and & large nunber of blade-loading criteria commonly
used or proposed for compressor design, it was found that, on the basis
of the data for the NACA 65-serles compressor blade sections in low-
speed, two-dimensional cascade:

a. The derived diffusion factor provided a satisfactory
limiting-loading parameter for the NACA 65-series compressor blade sec-
tions, in that the limiting velue was clearly defined and was Independent
of solidity or inlet-sir angle. At given solidity and inlet-air angle,
the total-pressure loss coefficient at design angle of attack increased
slightly with increasing diffusion factor up to & value of diffusion
factor of gbout 0.6, after which & rapid rise in lose was observed.
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b. The stalling coefficient of Wisllicenus and the velocity-
gradlent perameter of Howell were alsc adequate limiting—loading paran-
eters. . o :

2. From a correlation between minimum blade-element relative total-
pressure loss coefflcient and derived diffusion factor for data from
gseveral experimentael single-stage sxlal-flow compressors at sub-
limiting inlet Mach numbers, 1t was found that: '

2862

a. For the hub- and mean-radius regions of ten rotor blade
rows, the plot of minimum relative loss coefficlent against Aiffusion
factor showed essentially no significant variation of loss coefficlent
with @iffusion factor up to velues of diffusion factor of about 0.55,
which was the extent of the svallsble data.

b. In contrast to the rotor hub and mean regions, the loas
correlation for the tip region of the rotors revealed a very marked and
practically linear variation of loss coefficlent with diffusion factor .
for values of diffusion factor greater than sbout 0.30. For a tip-region
efficiency of 0.90, diffusion factors no greater thasn approximately 0.45
were indicated.

¢. For the hub-, tip-, and mean-radius regions of six stator
blade rows, the plot of minimum total-pressure loss coefficlent against
diffusion factor revealed no variation of loss coefficient with diffusion
factor up to values of about 0.60, which was the extent of the availdgble

stator data.

d. Further verification of a limiting relative inlet Mach num-
ber of &bout 0.70 to Q.75 at subcritical values of diffusion factor for
NACA. 65-series profile shapes of about 10 percent meximum thickness ratio

was indicated.

Lewls Flight Propulsion Laboratory
Nationel Advisory Committee for Aeronsautics
Cleveland, Ohio _
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APPENDIX A

ILOADING PARAMETERS FOR TWO-DIMENSIONAT: INCOMPRESSIBLE FLOW

Lift coefficient. - The 1lift coefficlient is defined as the ratio of

1ift force per unit ares to reference dynamic head, Cp = 1___1'5__
7e(pV) . op

From flgure 2, the 1ift is given by

L’__Fi.__F ta.na ::M-F ta,nB

cos Bp D n cos Bp D m

and

28pV_(AV,) av_{Aav )

= —a.8 - Cp tan B a__© tan B
c cos ﬁm(pvz)ref 2 & cos Bm (Vz)ref ‘p n
(A1)
or, from figure 2, with Va.,l - Va,z,
[ ]
2
zva (ta.n Bl - tan Bz)

For the purpose of establishing design criteria, the drag term is neg-
lected. The theoretical 1ift coefficients are then obtained as:
Vector mean veloclty: '

2 cos By
CL,m = — 75— (tan B; - tan Bp) (A3)

Inlet veloclty:

2 cos? 8 1

Cr,1 = (tan By - tan By) (ad)

¢ cos Bn

Outlet velocity:

2 c:os2 ﬁz

CL,Z ™ o cos Bm
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where
Vo,1 + Vg,2
Bm = 'tan‘l ——L—zv—a-——"—- = tan'l -%‘—('ban Bl + tan Bz)
Over-all reaction or recovery ratio. - The over-all reaction or

recovery ratio ls defined as ratio of-static-presgure rise across the
blade element to inlet dynamic head, or

Stk (P2 - V) - (B - gen) (46)
Pi-2 -zl-;avl2
Neglecting losses, for the two-dimensional cascade, ylelds
Re 1 - (Vz/Vl)2 = 1 - (cos By/cos Bz)z (A7)

Stalling coefficlent of reference l. - The stalling coefficlent of
reference 1 is defined as

Cqg = CL’m + ) — (AB)

where g is & constant bebtween 1 and 2.

Velocity-gradient parameter of reference 2. - The veloclty-gradient
parameter of reference 2 is given by

v;\3
I = CL,E (vg (Ag)

L A,
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APPENDIX B

RELATIVE TOTAL-PRESSURE LOSS COEFFICIENT
Compressor Cascade

In order to investigate and generalize the basic phenomena and var-
iations involved 1n the blade-element flow, it is necessary to consider
the basic loss in total pressure relative to the blade element for rotat-
ing as well ag stationary blades. The relative total-pressure loss
coefficient w &across a blade element is definped as

_ (Pl) - P!
w = ————-——-gli_ D Z (Bl)
1 1

where P' 1s relative total pressure, p 1is static pressure, sub-
scripts 1 and 2 refer to blade inlet and outlet, respectively, and
all values represent circumferential mass or area averages. When equa-
tion (Bl) is divided by P' the loss coefficient becomes

L o
i (]%—) PZ Pi i (B2)
- i

Py
1l - 1 - ==
PJ'. Py
or
"~ I/Pl N
1 -
P} (PL/PT)
— 2 2/*171
""(ﬁ)ﬁ S (32)
‘r—
[k
o[ Rup®

where Mi is .the relative inlet Mach number. The ratio in the numera-

tor of equation (B3) is referred to as the relative total-pressure
recovery factor. The lideal relative total-pressure ratioc is a function
of the element wheel speed and the change in radius across the element,

according to the equation
.

3 -1
2 ) _ I i _
Kii 1+ T2 Mﬁ‘:l ] (B4)
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where Mp 1is the wheel rotational Mach number (outlet wheel tangential
velocity divided by inlet stagnation velocity of sound).

For stationary blade rows, the total-pressure loss coefficient i1s
.reduced in terms of &absolute values to

By = 7 (BS)

1 r-1
1- r-1 2
1+ _Z_(Ml)

For rotating blade rows, since in most cases only stationary (abso-
lute) instrumentation caen be employed downstream of rotor rows, the rel-
ative loss must be obtalned from absolute measurements. The actual rel-
ative total-pressure ratio of equation (B2) can be expressed as

X
pf + o
Pi[; + réi(Mifﬂ?§I

and, since p' = p, the ratio can further be expressed in terms of
absolute total pressure as

P!
2
=7 =
Pl

(B6)

X
-1

X
py mfi I [+ oy

——

: AR 15_3:%)2]\7%[1 * ’%E(Mi)"_’__lg‘_l

which, in terms of temperature ratios, becomes
and t 1s staetic temperature),

(T is total temperature

X i
5 A N
By Pl BB} B[ BT (87)
&, B T,

' Then, with relative and sbsolute static temperature identical and with
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@)@

the actual relative total-pressure ratic becomes

7
P! P} P
1

1
: x_
173 o \r-T
e
The relative total-pressure loss coeffliclient for rotating blade row is

thus ocbtained from equations (B1l), (B2), and (B8) in terms of measured
absolute pressure and temperature and relative inlet Mach number as

1. P2/Py A
5
- : (T, /)7~
B = <P—z> LA (29)
1/ L
1 1 skl
- T"l T 2
1+ T(Ml) J J

where the ideal relative total-pressure ratio is cbtained from equsa-
tion (B4). The relative loss coefficient can then further be related to
the blade-element efficiency through the conventional adisbatlic relation

r-i
Y
P, )
5 -1
= ~r (B10)
Ta

Two-Dimensional Cascade
_ The relation between blade-element tdtal.—.pressure loss coefficient
o and dreg coefficient Op..can be obtained from exemination of the

force and vélocity dlagrams for two-dimensional incompressible (low-
speed) flow. From figure 2, the drag force is given by

: Fp = Fg sin B - Fy cos B, (B11)
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With axial velocity equal at inlet and outlet, Fg results only from the
change in statlc pressgure across the blade, which in the presence of
losges is glven by

Fg = 8(pz - p3) = .E{(Pz - 2ov5%) - (2 - %‘pvlz)jl
or
F, = B[%p(vlz - V) - AP] (B12)

The force in the tangential direction 1s determined by the-momentum
change in the tangential direction, or

Fe = Spva(Ve,l - Ve,z) (BB)
Equation (Bll) is then obtained from equations (Bl2) and (Bl3) as

F
D L (y.2 2 ]
.=‘__pva(v._6’_l - V_e,z)_ ten By, - | 5P (V1% - V%) - &ap .(1314)‘

5 coB 3m.“
With
V. . -EAV, V.. +7V
ton p, = 0212770 0,1 " Vo2
and
2 2 2 2
Vi - V2 =Vg,1 - Vg,2

substitution of these terms into equation (Bl4) reduces that equation to

Fp
soos By = (815)
Dividing equation (B15) by inlet dynemic head pV;Z, with cfs = g,
then ylelds -

oF.
D T (B16)

1 2 2
cos qn Epcvl %pvl

By definition,

F

D — AP AP

CD:]- = o O ® = =T e
v Py =Py v

FpeVy 5oV
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that, finally

o = %Cp,1_ (B17)
cos Bp

In equation (Bl7) the drag coefficient is related to the inlet

dynamic head. For drag cosfficient based on mean velocity,

80

that, equation (B16) becomes

2
% = gC ffs__ﬁ (B18)
w = oCph z
cos Bm
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TARLE I. - DEFATIS OF SINUE-STAGE ROTCRI

Hotar Deseripbion Blade chaps  |Maximm Chard, aouu{Fﬁ Inlet |Tip speed,|Inlet Mach |Refer- | Chard engle,
thickness in. ter, |b-tip| f£i/sec |nosber ensa dag
Hub ? mb |Mp ’
Hib | Bip
1 |Constent work imput; no goide |65-merdes profile| 10 a | 1l.45(1.62 1.2 |1.2 14.0 | 0.B0 |450, 736, (0.4 - 0.85 | 12 30.6 | 48.8
venes 145 T o7 8My 915
8 |Constent work Inpuh; symetricall §5-serdes profile| 6 6 |1-36(1.3% 1.07/0.68( 4.0 | 0.8 |669, 755, (0.5 - 0.T5 [ 15 21.4 | 5.4
veloclty dlagram at mesn 2.08 1.21 . asg -
radius; guide vanes
5 |Constapt work ivput; symmetrical|fS-saries peofile| & 6 (1.365(1.35 1.15/0.92 | 14.0 | 0.B0 (&89, 763, (0.5 - 0.T3 | 13 21.4 | 5.4
veloolty dlagrem ot mean 2.08 1.31 858
redius; guide vanes
4 |Consbant work input; eyswetrical|65-serles profile| 6 6 |[1.35|1.35 1.BB| L35 14.0 0.80 |689, 735, (0.5 - 0.T5 15 21l.4 | 36.4
valoolty dlagrew at mean 2.08 1-51 ase
radiva; gulde vanee
§ |Constant work input; aympetrical|Eb-geries profile| 10 10 [2.80(2.90 1.15/0.89 30.0 0.8 |[s10,-%70, |0.%5 - 0.70| 14 28.9 | 45.9
veloalty dlagrem at hub; 1.2 1.2 B840
gnide vanes l
8 [Pransoplo; varisble work input; |Approximete 8 5 (8.0 |3.25 2.05(1.25 | 17.36 | 0.525 |600, 800, (0.4 - L.05 | 15 25.5 | 47.0
no guids vanes olreular are 900, 1000
w |z
7 [Transonie; variable work ilnpuby 8 5 |5.0 |3.25 1.66(1.01 17.56 | 0.525 |600, BOO, |O.4 ~ 1.05 15 25.3 | 47.0
no gulds vanes cironlar arc 800, 1000
40 S
8 {Conebént work input; no gnids &5-geries profils | 10 10 |1.31]1.5% 1.1%)0. 14.00 | 0.50 548 0.50 - 0.45( 16 21.¢ | 58.0
Venes 1.7 | o.e8=
9 [Constant work input; high- 65-saries profils | 20 | 10 [1.31|1.3L 1.1x 0-5651 14.00 | 0.60 |[552, 838, |0.30 - 0.T5{ 16 21.0 | 58.0
toning gnide vanaa 1.7 J 0.8685 1104, 1314
10 bmshﬂn:b work doparty low- &5~peries praflle | 10 10 |1.51|1.51 1,1510.5665 14.00 | 0.50 (558, 828, |0.35 - 0.75| 18 21.0 | 58.0
torning auide vanes 1.7 | 0.885 1104,

Maolated 11ft coefficient.
Peazher angle, deg.

82

TOIESH WY VOVN




TARLE IT., - DEPATTS OF STMIE-STACE BEAT(RS

ptatox Description Cherd, | Boldidity [Maximoe Ouber Inlet |Outlet [Inlet Hech Rotar tip |Chord apale,
in. T1p |Hub thickness, dismater, |hub-tip hub-tip [nimber » ng
M™p | Hub _pexcent in. ratlo  |ratio It / pec Huh ™D
1 Constant-casber cireular-arc mean 1ine;|5.23(2,68 | 1,08|1.45| 6 17.36 0.80 0.60 [0.53% - 0.88 600, 1000 54.0 [ 28.0
bioonvex thickness distrlbuticn;
Pm 2008
2  |Constant—canber circulsr-arc mean line;|3.85|%5.26 | 1,07|1.64| 7 7 17.38 0.622| 0.588|0.4L - 0.66| 600, 800, 10.0 | 10.0
bleonvex thickness distribublon; 800, 1000
P w= 52°
5  [Constant—caxber RACA 65-series mean 1.5.]|1.51 [ 0.60{1.09| 10 | 10 14.00 0.556( 0.564|0.50 - 0.72| 652, 1104, | 19.5 49.9
ne; 85-(12)10 1215
4 Gonstant-casbary NACA 6b-seriea mean 1.51|1.51 | 0.60{1.08| 10 10 14.00 0.658| 0Q.564(0.30 ~ 0.75 552, 1104, | 21.0 | 53.20
line; 85~(18}10 1280
3 Congtant-oasber NAOA 85-gerles mean 1.51|1.51 | 0.80/2.10| 10 10 14.00 0.55 0.551]|0.28 -~ 0.81)412, 820, 825, | 17.5 | 57.8
line; 65-(12)10 890, 1113
6 |Consbant-cezber NAQA 65-series mean  |1.51|1.51 | 0.601.11] 10 | 10 14.00 | 0.55 | 0.551]0.28 - 0.87| =69, =55, | 18.2|z2.2
line; 66-(12)10 789, 848
@ caxber angle.
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compressor~cascade blade section in range of design angle of
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Figure 3. - Variation of total-pressure loss coefflcient at design angle of attack with
various blade-loading parameters for NACA 65-series blade sections iIn two-dimensional
low~speed cascade.
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Figure 3., - Continued. Varlation of total-pressure loss coefflcient at design angle of
attack with various blade-loading parameters for NACA 65-series blade sections in two-
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